Simple sequence repeats (SSRs) and their role in phase variation have been extensively studied in Gramnegative organisms, where they have been associated with antigenic variation and other adaptation strategies. In this study, we apply comparative genomics in order to find evidence of slipped-strand mispairing in the human Gram-positive pathogen Streptococcus agalactiae. In two consecutive screenings, 2,233 (650 ؉ 1,583) SSRs were identified in our reference genome 2603V/R, and these loci were examined in seven other S. agalactiae genomes. A total of 56 SSR loci were found to exhibit variation, where gain or loss of repeat units was observed in at least one other genome, resulting in aberrant genotypes. Homopolymeric adenine tracts predominated among the repeats that varied. Positional analysis revealed that long polyadenine tracts were overrepresented in the 5 ends of open reading frames (ORFs) and underrepresented in the 3 ends. Repeat clustering in ORFs was also examined, and the highest degree of clustering was observed for a capsule biosynthesis gene and a pilus sortase. A statistical analysis of observed over expected ratios suggested a selective pressure against long homopolymeric tracts. Altered phenotypes were verified for three genes encoding surface-attached proteins, in which frameshifts or fusions led to truncation of proteins and/or affected surface localization through loss or gain of the cell wall sorting signal. The data suggest that SSRs contributes to genome plasticity in S. agalactiae but that the bet-hedging strategy is different from Gram-negative organisms.
Pathogenic organisms use a variety of strategies to evade the human immune system and to efficiently adapt to rapidly changing microenvironmental conditions. In the last decade, a number of reports have emphasized the importance of phase variation as a means to increase fitness (19, 42) . Several important Gram-negative pathogens have been systematically evaluated for the presence of putative or confirmed phasevarying genes (1, 11, 13, 18, 20, 30, 34, 44) . From those studies, it has been understood that DNA simple sequence repeats (SSRs) are instrumental for phase variation in several Gramnegative bacteria. SSRs in the chromosome have the capacity to form transient mispaired regions, and during replication the DNA polymerase may undergo slippage at SSR locations, which results in either expansion or contraction of tandem repeat units (16) . When the SSR is located in coding sequences, and the repeat unit is not a multiple of three, this results in a frameshift which may either truncate an open reading frame (ORF), if resulting in a premature stop codon, or fuse with a second ORF by avoiding an impending stop. In addition to such ON-OFF events, slipped-strand mispairing in promoter regions may modulate transcription levels by changing the distance between the Ϫ10 and Ϫ35 elements in promoters or by changing the binding of transcription factors (22, 43) . It has thus been argued that SSRs represent so-called contingency loci, enabling a series of alternative geno-/phenotypes during replication in a bacterial population, rather than clonal expansion (19) . Such a mechanism also implies antigenic variation that could be used to escape the selective pressure of specific antibodies. The availability of complete genome sequences has made it possible to use bioinformatic analysis to identify potentially phase-variable genes, through probabilistic analysis of repeat regions, comparative genomics, and/or sequencing of putative phase-variable loci in multiple strains. Such approaches have been successfully applied to Haemophilus influenzae (11) , Helicobacter pylori (1, 27, 30, 40) , Campylobacter jejuni (20, 44) , and pathogenic Neisseria species (18, 29, 34, 39) . In contrast, very little is known about the role of SSRs in Gram-positive bacteria. There are selected examples of genes undergoing phase variation through slippedstrand mispairing in Streptococcus spp. (21, 22, 24) , and Streptococcus pneumoniae virulence genes containing SSRs have been summarized (38) . However, no systematic attempt to assess the importance of this mechanism of genetic variation in a Gram-positive organism has been undertaken. In the present study, we attempted to understand the potential role of SSRs in Streptococcus agalactiae genome plasticity and phase variation. S. agalactiae is the leading cause of neonatal sepsis and meningitis and is an emerging pathogen causing invasive disease among the elderly (6, 32) . The availability of three completely sequenced genomes and another five draft sequence genomes permitted us to perform a comprehensive comparative genomic analysis in order to identify SSRs and associated putative phase-variable genes. The presence of variation in such loci constitutes retrospective evidence of genome plastic-). The expected number of unique repeats was obtained by using the equation P n ϫ (1 Ϫ P) ϫ G, where P is the frequency of the base in the genome, n is the repeat length, and G is the total number of base pairs in the genome.
The cluster analysis was performed by identifying the ORFs associated with the 1,850 homopolymeric repeats (found in the initial and extended search), applying an inclusion threshold of three repeats or more per ORF, and for each ORF by calculating the ratio between ORF length and the number of repeats relating to the ORF. This ratio is inversely related to repeat clustering. The ratio values were then grouped in intervals, thus yielding a frequency distribution histogram. The ORFs with the lowest ratio (highest repeat density) were examined.
Protein methods. For preparation of GBS proteins, bacteria were grown overnight or to exponential phase (optical density at 600 nm ϭ 0.4) in 10 ml of THB. Bacteria were pelleted by centrifugation at 12,000 ϫ g for 10 min. Then, 1 ml of culture supernatant was precipitated with 10% trichloroacetic acid (TCA) for 1 h on ice. The precipitate was collected after centrifugation at 12,000 ϫ g for 15 min. The pellet was resuspended in acetone and incubated on ice for 15 min. The sample was then centrifuged at 12,000 ϫ g for 15 min, and the supernatant was discarded. The pellet was briefly air dried, resuspended in 40 l of phosphatebuffered saline (PBS) and NuPAGE LDS sample buffer with reducing agent (Invitrogen), and incubated for 10 min at 95°C. The proteins obtained constituted the secreted fraction. In parallel, the cell pellet isolated from the initial step described above was used to extract proteins anchored to the peptidoglycan. The pellet was washed twice in PBS and then resuspended in 200 l of protoplast buffer (0.1 M KPO 4 , 40% [wt/vol] sucrose [pH 6.2]). Enzymatic digestion of the peptidoglycan cell wall was performed by adding 300 U of mutanolysin (Sigma) and incubating the sample at 37°C for 90 min, with light agitation. Samples were centrifuged at 12,000 ϫ g for 15 min, and the supernatant was collected. Proteins in the supernatant were then precipitated with TCA as described above, except that the final suspension was in 200 l. These proteins represent the cell wallattached fraction. Bacteria treated or not treated with mutanolysin were examined by light microscopy, and viable counts were made, which indicated only minor (Ͻ10%) lysis of cells. Proteins were separated by polyacrylamide gel electrophoresis under reducing conditions using precast 10% Bis-Tris gels (Invitrogen) and then transferred to nitrocellulose membranes by Western blotting. Membranes were blocked at 4°C in PBS plus 0.05% Tween 20 (PBST) and 5% skim milk (Difco) overnight. The membranes were next incubated for 1 h with PBST plus 1% bovine serum albumin (PBSTA) containing primary antibodies diluted 1:2,000, washed five times in PBST and incubated for 1 h with PBSTA containing secondary antibodies (goat anti-mouse horseradish peroxidase [HRP] conjugate; Bio-Rad) diluted 1:30,000; this was followed by another five washes in PBST. Protein bands reacting with the primary antibodies were visualized on film by using SuperSignal West Pico chemiluminescent substrate according to the manufacturer's instructions (Pierce).
Antisera. Cloning, expression, and purification of recombinant His-tagged proteins corresponding to gene loci SAG1236, SAG2063, SAG0992, and SAG0416 in strain 2603V/R was performed, and these proteins were used to immunize mice and obtain the polyclonal antiserum used to detect the proteins. This work was part of another study (17) and is described in the supplementary material for that publication (www.sciencemag.org/cgi/content/full/309/5731/148 /DC1).
In vitro phase variation screening. Bacteria from a frozen stock culture were streaked onto TSB plates. A single colony was picked and resuspended in PBS, and serial dilutions were performed. For screening purposes, 5 ϫ 10 3 to 10 ϫ 10 3 CFU of the resuspended bacteria were spread on a second TSB plate, which was incubated overnight. A nitrocellulose membrane was placed on the plate for 20 min at room temperature, and bacteria were fixed on the membrane by incubation at 80°C for 30 min. Blocking was performed overnight at 4°C using PBS-5% (wt/vol) skim milk. Filters were washed twice for 5 min each time in PBST. Filters were then incubated for 2 h with primary antibodies (mouse polyclonal antiserum) diluted 1:2,000 in 5 ml of PBS-1% bovine serum albumin (PBSA). Filters were washed twice for 5 min each time in PBST and then incubated for 1 h with secondary antibodies (goat anti-mouse IgG-HRP conjugate; Bio-Rad) diluted 1:5,000 in 5 ml of PBSA. The filters were then washed twice for 5 min each time in PBST. Colonies reacting with the primary antibodies were visualized colorimetrically using Opti4CN (Bio-Rad) according to the manufacturer's instructions. Typically, satisfactory signals were obtained after 5 to 10 min of incubation with substrate solution. The screening for slippage events aimed to detect unidirectional OFF-ON switches. When a positive signal was found, the corresponding area on the plate was located, colonies in that area were picked, and colony immunoblotting (CIB) was repeated at a lower CFU count, so that eventually a single positive colony could be picked. For immunomagnetic enrichment of OFF-ON events, bacteria were grown in THB either overnight or to exponential phase (A 600 ϭ 0.4). Bacteria were then centrifuged at 3,000 ϫ g for 10 min, washed in PBS, and recentrifuged, and 10 9 CFU were resuspended in 1 ml of PBSA, 10% normal rabbit serum, and a 1:1,000 dilution of primary antibodies (mouse polyclonal antiserum). The bacteria were incubated for 20 min on ice. Bacteria were pelleted by centrifugation for 5 min at 12,000 ϫ g and washed three times with 1 ml of PBSA. The sample was then resuspended in 900 l of PBSA-10% normal rabbit serum, and 100 l of goat anti-mouse microbeads (Miltenyi Biotech) was added. Samples were incubated on ice for 20 min. Immunomagnetic separation was performed with LS separation columns and a MidiMACS separator (Miltenyi Biotec) according to the manufacturer's instructions, except that five column washes were performed instead of three. Eluted material, representing the positive fraction, was then analyzed by CIB.
For flow cytometry, bacteria were harvested after overnight growth or in exponential phase, and washed twice in PBSA. Each sample consisted of 100 l of bacterial suspension, diluted to an A 600 of 0.1. Bacteria were pelleted by centrifugation at 12,000 ϫ g for 5 min, resuspended in 10 l of normal calf serum, and incubated at room temperature for 20 min. Primary antibodies (polyclonal mouse sera) diluted 1:200 in 90 l of PBSA were added to each sample, which was then incubated for 1 h on ice. Bacteria were washed twice, by centrifugation and resuspension in 500 l of PBS-0.1% BSA. Bacteria were then resuspended in phycoerythrin-conjugated F(abЈ) 2 goat anti-mouse IgG (Jackson Immunoresearch) diluted 1:200 in 50 l of PBS, 0.1% BSA, and 10% normal calf serum, followed by incubation on ice for 45 min. The bacteria were washed as described above and resuspended in 300 l of PBS with (scan) or without (sorting) 1% paraformaldehyde. Flow cytometry was performed by using a Becton Dickinson LSRII, with DIVA software for data acquisition, and FlowJo (Tree Star, Inc.) for subsequent analysis. The fluorescence of the samples was compared to a control (primary antibodies) consisting of pooled mouse sera from nine control mice who had received immunizations with PBS alone. Fluorescence-activated cell sorting (FACS) was performed using the FACSAria cell-sorting system (Becton Dickinson). In brief, OFF-ON events were sorted by using an inclusion threshold set at ca. 0.1% of the total number of events. The subpopulation with the highest fluorescence was then plated, and CIB was performed. Potentially positive clones were isolated and subjected to flow cytometry again.
RESULTS
Comparative genomic analysis of simple sequence repeats. Using permissive inclusion criteria based on the lengths of repeats and the presence of associated ORFs, we identified 650 simple sequence repeats (see Materials and Methods for inclusion criteria) in the complete genome sequence of GBS strain 2603V/R. These repeats comprised a wide variety of types, including homopolymeric tracts, repeats with long units but few repetitions, and degenerate repeats. Each of these repeats plus their flanking sequence was then used as a query in a search against each of seven other GBS genomes, in order to obtain comparative sequence data on the locus. The resulting alignments fell into several categories. A minor fraction of the alignments was poor, indicating that there was no corresponding locus in a genome or that the locus was highly divergent. The typical alignment indicated the presence of a corresponding locus and an identical SSR. In some cases there was "stabilization" of the repeat, meaning that point mutations had occurred which were likely to prevent a potential slipped strand mispairing event in the locus. Finally, there were alignments showing the loss or gain of repeat units, compatible with slipped-strand mispairing events. The corresponding loci were examined to verify the presence of homologous ORFs and assess the putative consequences of the variation, compared to the 2603V/R strain. Seventeen variable repeat loci were identified according to these criteria, where at least one other genome contained a variant (Table 1) . Three SSRs were found upstream of genes: one involved a 2-bp change of the canonical distance between the Ϫ10 and Ϫ35 elements, another involved the substitution of a TATAAA for a TAAAAA, and the last was located between the ribosomal binding site (RBS) and start codon. The remainder of the SSRs were located in ORFs and resulted in frameshifts. All types of variations were identified, i.e., expansion, contraction, or both, compared to the reference strain. The number of comparison strains showing variation was from one to all. Eight of the putative seventeen e The number of repeat units compared to the reference strain is given in parentheses, and the strain(s) where the variants are found are indicated. f The predicted effect of the variation relative to the reference strain.
proteins (47%) encoded are predicted to be surface localized, i.e., lipoproteins, cell wall-attached proteins, or proteins with membrane-spanning domains. Hypothetical proteins were the second most common group (six proteins). Homopolymeric tracts predominated among variants. Specifically, polyadenine (poly-A) accounted for 59% of the variants found. In comparison, poly-A constituted 18% of the original search set. Long homopolymeric tracts. A factor commonly seen to influence the frequency of slipped strand mispairing is the length of a repeat tract (5, 25) . We examined the longest homopolymeric tracts (n ϭ 49) in the 2603V/R strain (see Table S2 in the supplemental material). The poly-A/T tracts (n ϭ 33) were fairly evenly divided between intergenic regions or ORFs. The longest tract found was a 15-bp poly-A located intergenically, for which there is experimental evidence of variation in the range of 8 to 15 bp, resulting in diverse expression of the alpha C protein (22) . The remainder of the long poly-A/T tracts were 9 to 10 bp long, and within ORFs there were only poly-A tracts. The longest poly-G/C tracts (n ϭ 16) were all located within ORFs, 7 bp long, and most were poly-G (n ϭ 13). The ORFs associated with these repeats included membrane proteins, transcriptional regulators, two sortases, two extracellular proteases, and three lipoproteins. Notably, some genes or operons (i.e., the vex locus) were associated with multiple long SSRs.
Extended analysis of homopolymeric tracts. Since homopolymeric tracts were overrepresented among the examples of variation found in our screening, a second comparative genomic analysis was performed including only this type of SSR. The inclusion threshold was lowered by 1 bp (7 for A/T and 5 for G/C), and 1,583 such repeats (in or upstream of ORFs) were identified in strain 2603V/R. Subsequent comparative genomic analysis identified 39 SSR showing variation in the other genomes (Table 2) . With respect to the previous search, a larger proportion of the SSR variants were located in intergenic regions (n ϭ 17/39 versus 3/17). Two of these were located within putative promoters and thus changed the canonical distance between the Ϫ10 and Ϫ35 elements. Curiously, the typical intergenic variant was constituted by an SSR located between an RBS and the start codon, or upstream of the RBS. Among the identified 14 variants associated with an RBS, notable genes were cpsA, encoding a regulator of capsule expression; a putative exfoliative toxin (Sag1215); and several transcriptional regulators. The consequences, if any, of variation in these intergenic regions are unclear. However, the phase variation in expression of UspA1, a surface-associated protein in Moraxella catarrhalis, was shown to be related to expansion/contraction of a poly-G tract located 30 bp upstream of the start codon, and 168 bp downstream of the transcriptional start site (14) . The difference of a single guanine residue had pronounced effects on protein expression.
Among the SSRs located in the coding sequence, the poly-A tracts were again the most numerous, with 18 loci showing variation. Seven poly-T loci were also found, as well as one each of poly-C and poly-G. The variations included expansion, contraction or both compared to the reference genome, and the phenotypic consequences included both fusions and truncations. For example, RogB, a transcriptional regulator of several putative virulence factors (9) contains an authentic frameshift that inactivates the gene in the reference strain. The gene contains two SSRs: a poly-A and a poly-T. In three genomes the poly-T is expanded by one thymine residue compared to the reference genome, which results in a complete ORF. Another strain shows contraction of the poly-A tract, which leaves the gene truncated.
Analysis of frequency, position, and clustering of homopolymeric tracts. The apparent homogeneity of homopolymeric tracts prompted us to examine the overall frequency of these elements. A recurring argument is that tracts that are statistically unlikely (i.e., a high observed over expected [O/E] ratio) are particularly prone to vary. All homopolymeric repeats of various tract lengths, irrespective of location, were counted. The result was compared to the theoretically expected frequency in a random genome with the same %GϩC content (Fig. 1A) . For poly-G/C tracts, the observed frequencies were comparable to the expected frequencies for different tract lengths, whereas poly-A/T showed a modest overrepresentation of medium long tracts and a pronounced underrepresentation of long tracts (O/E ϭ 0.12 for 10-bp tracts). An identical analysis was performed on the NEM316 genome with similar results (O/E ϭ 0.08 for 10-bp tracts). The sole exception was the above-mentioned A 15 tract (O/E ϭ 12.2). In the eight genomes, this is the only homopolymeric tract longer than 10 bp.
The location of a SSR in an ORF can be important for the impact of a slipped-strand mispairing event. In case of variation, a SSR located in the 5Ј region of an ORF is bound to have a profound effect on the protein encoded. In comparison, it is more difficult to predict the effects of minor truncations, which could leave the protein functionally uncompromised. Our analysis of the longest homopolymeric tracts seemed to suggest a tendency of such tracts to be preferentially located toward the 5Ј ends of ORFs, but the total number of such tracts was too low to permit any definite conclusion. We hypothesized that if homopolymeric tracts were important for genome plasticity in S. agalactiae, there could be a preferential bias of such tracts not only in terms of presence or absence within certain genes but also of the position within the gene. We analyzed the position of the longer homopolymeric tracts (8 or more for A/T and 6 or more for G/C) within ORFs, and compared it to a control set of randomly selected tracts of the same type but (2 bp) shorter (Fig. 1B) . For the long poly-A tracts, there was an apparent skew in the distribution. Such tracts were preferentially located toward the 5Ј ends of ORFs and were progressively less common toward the 3Ј ends, e.g., ϳ40% of the long poly-A tracts are located in the first fifth of ORFs. In comparison, the shorter poly-A tracts were evenly distributed across the length of ORFs, as would be expected for a random distribution. The long poly-G tracts also showed a discrete skew, but it was not sufficiently different from the short poly-G distribution and theoretical random distribution. Long poly-T and poly-C tracts were unusual in coding sequence, and the low numbers did not permit a conclusive analysis.
Although S. agalactiae does not contain the improbable (high O/E ratio) SSRs that are found in some Gram-negative bacteria, our results thus far indicated that homopolymeric tracts have the capacity to contribute to diversifying the phenotype. We investigated the possibility that clustering of such SSRs was occurring in selected loci, thereby increasing the probability of variation. The ORFs related to the 1,583 repeats identified in the extended search were analyzed, examining the VOL. 192, 2010 S. AGALACTIAE SIMPLE SEQUENCE REPEATS 3993
on September 12, 2017 by guest http://jb.asm.org/ ratio between ORF length and the number of associated repeats. ORFs containing two or less repeat tracts were excluded. The ratio showed a positively skewed distribution, and the ORFs with the lowest ratio (high density of repeat tracts) were examined. These 17 ORFs were generally of average size (404 to 1,091 bp), and most were annotated with a putative function (Table 3) . Only two ORFs contained more than five repeat tracts. One of them was cpsH (cpsV) in the capsule biosynthesis locus, containing six different SSRs. This gene encodes a sugar transferase involved in capsule synthesis and is associated with capsular serotype V. The corresponding locus in strain A909 (type Ia strain) contains only three homopolymeric tracts, but instead also has (AT) 9 , which is a uniquely long dinucleotide repeat in that genome. The second ORF was a sortase containing seven separate SSRs. This sortase is part of a genetic locus that was recently reported to be responsible for the assembly of pilus structures (15) . Interestingly, the housekeeping sortase srtA, responsible for covalent attachment of proteins to the cell wall, also showed some clustering. Although not pronounced enough to pass the inclusion threshold, it ranked in the top 6.5% for clustering. Among the selected ORFs, two transcriptional regulators were found, as well as the only phage exclusion system (abiG) in the genome. Concomitantly, the selection included a prophage ORF, encoding a putative repressor protein. The repeat unit is shown in parenthesis, and the number of consecutive units is indicated. When the SSR is located between two ORFs on different strands, the form "(A/T)" "is used. When two separate SSRs relate to the same ORF, the form" "(T)/(T)" is used.
d The location of the SSR respective to the start codon of the closest ORF. SSRs with positive numbers are found in coding sequence, whereas negative numbers indicate an upstream location.
e The number of repeat units compared to the reference strain, and the strain(s) where variants are found. f The predicted effect of the variation relative to the reference strain. Percentage values are indicated in parentheses. NR, near RBS. put., putative.
Comparison with Gram-negative bacteria. A comparison of the SSR repertoire in S. agalactiae and Gram-negative bacteria reported to exhibit phase variation was made ( Table 4) . The analysis aimed to compare the presence and type of unusually long repeats. Repeats were identified with the Microsatellite Analysis Server (35) . Campylobacter jejuni contains numerous long poly-G/C repeats and no other long repeat type. Phase variation in C. jejuni has been reported to involve poly-G/C tracts (20, 44) . Helicobacter pylori has several types of long repeats, the most frequent again being poly-G/C tracts. There are nearly as many long poly-A/T tracts and seven long dinucleotide repeat tracts. H. pylori has the highest total number of long repeats among these organisms. The literature reports more poly-G/C tracts and dinucleotide tracts than homopolymeric A/T tracts as likely to be phase variable (1, 27, 30, 40) . In Haemophilus influenzae the long repeat tracts are predominantly tetranucleotide repeats, and there are two examples of pentanucleotide repeat tracts of unusual length. Indeed, reported phase variation mainly involves tetranucleotide repeats (11) . Neisseria meningitidis has the broadest repertoire of long repeats, including all repeat types except for dinucleotide tracts. Among the tracts previously reported as phase variable, the poly-G/C tracts are the most numerous, followed by tetranucleotide repeats (18, 29, 34) . Some poly-A tracts are also reported. In comparison, our reference S. agalactiae strain contains only two repeats comparable in length to those mentioned above. The long poly-A tract has been experimentally shown to vary, while the role of the long dinucleotide tract is unclear (22) . The locus is present in six other S. agalactiae genomes (data not shown), but the dinucleotide repeats are replaced with a poly-A tract. Our comparative genomic analysis suggests that among the different repeat types examined homopolymeric adenine tracts have the highest propensity for variation in S. agalactiae. The polymorphisms we have described are usually found in poly-A tracts of 7 to 10 bp. Although other repeat types predominate among reported phasevariable loci in the Gram-negative bacteria, there are several examples of poly-A tract polymorphisms in H. pylori and N. meningitidis where tract length is in the size range of 5 to 11 bp (1, 29) .
Variant proteins have different subcellular localization and are no longer accessible to specific antibodies. Three SSR- associated genes were chosen for further analysis at the protein level. The proteins were chosen based on the availability of antiserum, in-house data supporting expression, putative function, and the predicted surface exposure. Sag1236 (or ScpB) is a C5a peptidase, covalently anchored to the cell wall through an LPXTG motif (4, 31) . By degrading C5a, the enzyme interferes with the chemotactic gradient responsible for neutrophil recruitment (12) . In the reference strain 2603V/R, an authentic frameshift in the 3Ј end of the gene results in a small truncation mediating apparent loss of the cell wall attachment signal. In the other strains, the gene is complete. Sag0416 or CspA also belongs to the family of subtilisinlike proteases and has a cell wall attachment signal. The protease cleaves fibrinogen and several chemokines (2a, 9a) . Two SSR variants were found, representing both expansion and contraction of a poly-A tract with respect to the reference strain, in both cases resulting in C-terminal truncation (64% deletion) of the protein, including the loss of the cell wall anchor. Sag2063 is another cell wallattached protein, recently described as an immunogenic adhesin with antiphagocytic properties and named BibA (28) . The strains Cjb111 and 515 both contain an expansion of a poly-A tract in the coding sequence, resulting in a frameshift and truncation (40%) of the protein.
To investigate the presence and localization of these proteins, pairs of strains containing a complete and a frameshifted gene encoding each of the three proteins were selected and subjected to analysis of the cell wall fraction and the secreted fraction using antiserum against recombinantly expressed proteins (Fig. 2) . Whenever gene variants contained frameshifts, the corresponding protein was no longer found in the cell wall fraction but as a truncated form in the supernatant. Antiserum against Sag2063 reacted with multiple bands (with an estimated molecular weight equal to and below that of the mature protein) in the cell wall fraction (data not shown). This protein seems susceptible to intracellular proteases released during the enzymatic digestion of the bacterial cell wall with a degree of concomitant lysis (I. Santi, unpublished data). If whole bacteria were boiled without digestion of the cell wall, a discrete single band of the right size was identified with anti-Sag2063 antibodies. Two of the proteins, Sag2063 and Sag1236, were consistently found in the secreted fraction even when the genes were complete, and this may represent a degree of shedding, mis-sorting, and/or lysis.
We hypothesized that the apparent change in subcellular localization would influence antigen recognition at the bacterial surface. Flow cytometry analysis was performed on the above strain pairs using polyclonal antiserum against the different proteins (Fig. 3) . Strains containing complete genes encoding cell wall-attached proteins showed a shift in fluorescence intensity when using antiserum compared to using preimmune serum. Strains in which genes were frameshifted showed no such shift or less of a shift. In the case of Sag2063 and Sag0416, it would appear that the proteins are no longer present in a recognizable form on the bacterial surface. Surface-associated Sag1236 was still recognized by specific antibodies in the strain with an SSR-mediated frameshift, although to a significantly lesser extent. The frameshift causes a minor truncation with loss of the C-terminal cell wall-attachment anchor. The near-complete protein may thus be recognized transiently, during secretion and/or translocation. Thus, SSR variation of the kind described above is likely to prevent or modify binding of specific antibodies to the bacterial surface. Among the three strains examined, every strain was positive for at least one protein and negative for another, thus reducing the likelihood that strain-specific factors independent of the genetic loci influenced the results.
Screening for slippage events. CIB has been the method of choice when screening for phase variants. Attempts to use the method for Streptococcus agalactiae with the positive and negative strains above failed to reproducibly confirm the pheno- types we had observed with other methods. The difference in signal between supposedly negative and positive colonies was small, and the signal intensity in general was low, irrespective of whether alkaline phosphatase or HRP was used (data not shown). In an attempt to exclude that capsular polysaccharide was contributing to background and/or masking antigens, three isogenic cpsE knockout mutants (3) derived from the parent strains used above were obtained and subjected to the assay. Colonies from strains that had complete genes generally showed binding of antibodies raised against the corresponding proteins, while strains in which genes were frameshifted had negative colonies (data not shown). Screening for phase variation in vitro was performed by starting with a strain genotypically negative for a protein and trying to identify positive colonies. Thus, unencapsulated strains 2603V/R (Sag1236), COH1 (Sag0416), and 515 (Sag2063) were screened repeatedly, using an average of 2,000 colonies per plate. Potentially positive colonies were picked, and the procedure repeated at a lower colony density to verify the phenotype and isolate clones. No phase variant with a consistently positive signal was obtained for any of the strains and proteins.
Immunomagnetic separation has been used successfully to isolate streptococci with specific antigenic properties starting from a mixed culture (8) . We attempted a similar enrichment strategy to increase the fraction of potential OFF-ON bacteria among the original OFF bacteria. Up to 10 9 bacteria were incubated with polyclonal mouse antiserum against Sag1236, Sag0416, or Sag2063. Superparamagnetic beads coated with goat anti-mouse antibodies were then incubated with the bacteria, and bacteria decorated with beads were retained on a column through magnetic force. These bacteria, representing the positively selected fraction, were then plated and screened by CIB as described above. No phase variants were found for any of the proteins. However, colony counts of the selected fractions were surprisingly high, suggesting that the carryover of nonspecifically retained bacteria was substantial. Control experiments using antiserum against a highly expressed surface protein (pilus backbone protein) were performed. Starting with a mixed culture where the ratio of negative (knockout strain) to positive (overexpressing strain) was known (10,000 and 1,000), the degree of enrichment obtained with immunomagnetic separation was on the order of 10-fold (data not shown). The efficiency in the experiments above could be lower, since the surface proteins in question are likely to have lower expression levels than an overexpressing strain, and the pilus is particular in that it extends far out from the bacterial surface.
We also attempted isolating OFF-ON events by FACS. Starting with OFF strains, single bacteria that had an aberrantly high fluorescence intensity, one comparable to the mean fluorescence intensity of an ON strain, were sorted, plated, and subjected to CIB. The fraction of bacteria thus selected was on the order of 0.1% of the total number of bacteria (100,000 in two experiments for each OFF strain). Colonies that were subsequently positive in CIB were picked and expanded to prepare frozen stocks, which were then grown and analyzed by one or several of the above-mentioned methods, followed by sequencing of the relevant locus when there were indications of OFF-ON switching. We did not find any events where restoration of a phenotype was matched with the expected SSR variation in the sequenced locus. Since more than 300,000 bacteria were screened, the mutation frequency in the selected loci is likely less than 10 Ϫ5 . In a final attempt to detect slippage events, we chose to sequence selected loci in strains that had been subjected to recent in vivo passage. The 2603V/R strain was subjected to serial passage in the mouse, for a total of 19 times. The three SSR loci described above were then sequenced in the passaged strain. The SSRs were identical to those in the starting strain (data not shown). Moreover, four clinical isolates from patients with invasive GBS disease were obtained (kindly provided by Carol Baker). The strains were atypical in that no capsular polysaccharide was detected with antibodies against type V capsule, although molecular genotyping indicated the presence of a typical type V capsule locus (C. Baker, unpublished data). The cpsH (cpsV) locus described above, containing seven SSRs, was sequenced in the four strains. All four strains contained the locus, and in three cases the locus was identical to that of the 
DISCUSSION
Phase variation can occur in different ways, including slipped-strand mispairing of SSRs during DNA replication, general and site-specific recombination, excision/insertion of mobile genetic elements such as transposons and insertion sequences, and epigenetic regulation through differential methylation (42) . Over the years, SSRs have emerged as a common and important mechanism for phase variation both of particular genes/proteins and on a genome scale (41) . The present study is one of the first comprehensive attempts to understand the importance of SSRs for phase variation in a Gram-positive pathogen, S. agalactiae. Through comparative genomic analysis of eight bacterial genomes representing the most frequently isolated serotypes, we present evidence of genotypic variation indicative of slipped-strand mispairing in SSR regions.
In a first stringent screening, a wide variety of SSRs were examined across the eight genomes. The results suggested that the repeat type that has the highest propensity to vary is the homopolymeric tract, especially the poly-A tract. With an extended screening of homopolymeric tracts, additional polymorphisms were identified, and this reinforced the potential importance of poly-A as a means to drive phase variation. In addition, the longest homopolymeric tracts identified were examined, and gene loci with clustered SSRs were identified. Moreover, a previously undescribed positional bias of poly-A tracts within ORFs was observed. The longest tracts were preferentially located in the 5Ј ends of ORFs. Should a poly-A tract within a coding sequence alter and a frameshift ensue, it may be advantageous that the resulting product is a short peptide. A major truncation is more likely to efficiently inactivate the protein and may avoid inadvertent effects due to misfolded or functionally altered proteins. Moreover, the bioenergetic cost of translation is proportional to the length of the product. Interestingly, while poly-A tracts seem to be the most slippageprone among the SSRs, the longest such tracts are statistically underrepresented in the genome, implying an evolutionary selection against such sequence elements. An alternative means of repressing potential variation are point mutations within SSRs (stabilization), of which several examples were noted during screening procedures.
Overall, among the loci identified there are many examples of genes encoding surface proteins or secreted proteins or of genes that indirectly affect such proteins. Examples include cell wall attached proteins, lipoproteins, membrane proteins, and sortase, the latter of which could influence a range of cell wall attached proteins. Such surface structures constitute rather typical examples of potential phase variation. Less typical is the observed SSR polymorphisms in transcriptional regulators and two-component systems. It would seem disadvantageous to override regulation through the genotypic inactivation of regulatory components. However, in a recent study it was shown that homopolymeric tract polymorphisms in a C. jejuni response regulator cause ON/OFF phase variation of both flagellar biosynthesis and its regulator (10) . The gene encoding the regulator is variable through a cluster of five poly-A and one poly-T tracts, which are comparable in length to the tracts discussed in the present study.
The inclusion of draft genomes in the analysis represents an increased risk to include sequencing errors. Steps were taken to exclude hits where sequence quality was in doubt, such as in the vicinity of contig ends (see Materials and Methods). Although only a subset of the variant loci was verified through manual scrutiny of trace file quality, there is little to suggest that overall genome sequence quality had a major impact on our results. Overall, no clear relationship between the degree of fragmentation (number of contigs) and the number or type of hits in our screening was noted. A limited number of loci were selected for resequencing. Nine loci, representing poly-A or poly-T and showing variation in at least one draft genome compared to the reference genome, were resequenced in those genomes and SSR polymorphisms were confirmed (data not shown). Nonetheless, it cannot be ruled out that selected indels represent sequencing errors.
The comparative genomic analysis and experiments performed here suggests that the phase variation mechanism involving SSR slippage is at play in S. agalactiae and has resulted in antigenic differentiation between strains. However, despite considerable efforts and the use of three different methodologies, it was not possible to detect an intrastrain event of SSR slippage for any of the three proteins that were experimentally investigated. Compared to other bacterial species, S. agalactiae mostly lacks the unusually long repeats responsible for highfrequency phase variation (5) . Moreover, the preference for poly-A tracts is atypical. Although there are several reports of genotypic switching through poly-A tract slippage (of comparable length), none of these suggest a high frequency. It has been suggested that poly-A tracts pose a delicate problem for bacteria, in that RNA polymerase (transcriptional) slippage seems to occur in addition to replicational slippage, and this may be a reason why some microorganisms show an underrepresentation of long poly-A/T tracts (2). Our difficulties in isolating genotypic switching in vitro may derive from the methodological issues associated with screening a sample representing a large enough number of bacteria. Moreover, an ON-OFF switching event may confer a selective advantage in vivo that is not evident in vitro, if the relevant proteins are surface exposed, immunogenic, and expendable. For practical purposes, our screening was biased, in that OFF-ON events were targeted. In our case, such events would have involved the expansion of SSRs. Mutation frequencies may differ significantly between ON-OFF and OFF-ON events, and contractions seem to be more frequent than expansions (5) .
A recent publication (23) describes eight atypical clinical isolates (vaginal/rectal colonization) of S. agalactiae that were unencapsulated. Among various polymorphisms with little or no phenotypic impact, three of the eight strains contained deletion of an adenine in the cpsG locus, resulting in a frameshift and truncation of the protein with likely loss of function, and thus compromised capsule biosynthesis. Upon closer examination of the sequence, we note that the deletion is located in a poly-A tract, and represents a SSR change from A 8 to A 7 . This suggests that, in vivo, SSR slippage in a poly-A tract may constitute a significant way to modify capsular biosynthesis. We describe extreme repeat clustering in cpsH, but did not find evidence of variation in four unencapsulated invasive clinical isolates. In another attempt to approach the in vivo situation, the three selected genes of interest were sequenced in a strain that had undergone repeated mouse passages, and all three genes remained unchanged with respect to the starting inoculum. Thus, in vivo growth in naive mice does not seem to involve a selective pressure for variation in these loci.
In the strict sense, the lack of experimental in-strain variation means that we have no direct evidence of SSR-mediated phase variation. Nevertheless, we believe that S. agalactiae uses SSRs as an adaptive strategy but in a significantly different role compared to that in Gram-negative bacteria. Bet-hedging as an evolutionary strategy comes at a cost, but it can improve fitness when environmental circumstances change frequently enough (26) . Moreover, generalist bacteria with large genomes and considerable genome redundancy may sustain genotype switching better than specialists. S. agalactiae, by preferentially using homopolymeric A tracts, selecting against long repeats in general, and using damage control by positioning of SSRs, is ensuring that mutation frequency is kept in check. Nevertheless, SSRs are used, either for long-term adaptation or possibly during the uncommon invasive infections. This represents a cautious bet-hedging strategy suitable for a specialized commensal and occasional opportunist. Genome plasticity, rather than phase variation, may be the adequate term for this process.
